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While cigarette smoking is widely recognized as the primary risk factor for developing lung cancer (1), long-term exposure to ambient air pollution has consistently been shown to be associated with lung cancer in several prospective studies (2) (3) (4) (5) . These studies have typically focused on criteria air pollutants such as nitrogen dioxide and fine particles ( particulate matter with a median aerodynamic diameter of 2.5 µm or less (PM 2.5 )). This focus has been motivated by both the availability of historical monitoring data for these pollutants, typically from fixed-site monitors, and the knowledge that these pollutants can elicit oxidative stress in the lung, which may lead to systemic cardiopulmonary inflammation (6) . Based on results from this literature, it has been estimated that 12.8% of lung cancer deaths are attributable to the anthropogenic component of PM 2.5 (7) .
Some studies have recently found that within-city variations in air pollution concentrations are more strongly related to cardiovascular and stroke-related mortality than betweencity variations (8, 9) . This suggests that pollutants that are emitted by local sources such as vehicular traffic and industries adversely affect human health. Land-use regression (LUR) models have been increasingly used to characterize intra-urban variations in pollution. However, only 3 studies that have employed LUR models have evaluated lung cancer. These investigators reported positive associations between ambient nitrogen dioxide and lung cancer mortality in Rome, Italy; Shizuoka, Japan; and Toronto, Ontario, Canada (10) (11) (12) . While nitrogen dioxide is an oxidative stressor, it has been suggested that it is more likely an indicator of some other exposure, such as a specific type of combustion particle or volatile organic compound (VOC) (6) .
Like nitrogen dioxide, VOCs exhibit high spatial variability, but there have been far fewer attempts to model how they vary within urban areas. For example, in Hoek et al.'s (13) review of 25 published studies that utilized LUR modeling, only 4 considered VOCs. Although the concentrations of VOCs are generally higher in indoor environments than in outdoor environments, some VOCs, such as benzene, have important outdoor sources, including the incomplete combustion of fossil fuels and biomass burning. In a study that collected outdoor, indoor, and personal exposure measurements of VOCs in Windsor, Ontario, Canada, indoor concentrations of benzene were approximately twice as high as outdoor concentrations (14) . However, this study also demonstrated that personal exposure to traffic-related VOCs (1,3-butadiene, acetaldehyde, benzene, m,p-xylene, and toluene) could be predicted by using ambient measures (14) . Several VOCs, such as benzene, are recognized carcinogens, and several others are suspected carcinogens (15, 16) . Therefore, one would expect stronger associations between VOCs and lung cancer than between VOCs and nitrogen dioxide. While excess numbers of lung cancers have been reported among persons occupationally exposed to benzene (17) (18) (19) , exposures in these studies were much higher than background ambient concentrations.
To date, only 1 other study has investigated associations between residential measures of ambient VOCs and lung cancer. Villeneuve et al. (12) reported that an interquartile-range increase in benzene concentration (0.13 µg/m 3 ) in a cohort study of adult residents of Toronto was associated with a 6% (95% confidence interval (CI): 2, 10) increased risk of lung cancer mortality. That study, similarly to most other occupational studies of benzene and lung cancer (20) , was unable to control for several individual-level risk factors directly, most notably cigarette smoking, which was adjusted for through an indirect method. To overcome this limitation, herein we present results of analyses using data from a lung cancer case-control study whose participants, like those in the previous Villeneuve et al. study (12) , were residents of Toronto. The case-control study investigators collected detailed information on lifetime residential history and individuallevel risk factor information on factors such as smoking, exposure to secondhand smoke, and family history of cancer.
METHODS

Study population
A more detailed description of the study population has already been published (21) . Briefly, the case series included incident cases of cancer of the trachea, bronchus, or lung diagnosed among men and women aged 20-84 years. These cases were recruited from 4 tertiary-care hospitals in Toronto between 1997 and 2002. Oversampling of lung cancer patients who were never smokers was done because one of the main objectives of the original study was to investigate nontobacco-related etiology. All never smokers whose cancers were diagnosed at one of the participating oncology clinics were invited to participate in the study following completion of the screening questionnaire, which determined lifetime smoking status. Because of the rarity of these cancers among lifetime nonsmokers, to achieve the targeted sample size, recruitment procedures were designed to enable as many lifetime nonsmokers as possible to participate (e.g., physicians notified staff of potentially eligible cases), after which contact by staff and data collection by telephone interviewers followed procedures that were consistent for all participant groups. Neversmoking cases were also informed of the desired oversampling and were encouraged to participate based on the relative rarity of the etiology of their cancer in comparison with smokers. Approximately 35% of the lung cancer patients indicated that they were lifelong nonsmokers. A total of 716 eligible cases were identified, and of these patients, 155 died before the study started (or before complete data could be collected) and 116 refused to participate, leaving 445 study cases.
Two control series were assembled. The first was population-based, with individuals randomly selected from property tax assessment files. The other was created from patients who attended the Mount Sinai Hospital Family Medicine Clinic. This is a nonspecialized family medicine practice based within the hospital where study subjects were recruited independently of the reason for their visit to the clinic. Controls were frequency-matched to cases by ethnicity. The rationale for recruiting 2 complementary control series was that the clinical controls provided a basis for genetic studies (e.g., a blood sample was drawn), whereas the population controls were selected for environmental studies. The participation rates for the population-based and clinic-based series of controls were 59% (425 out of 718 eligible) and 85% (523 out of 612 eligible), respectively.
Questionnaire data
Participants were asked to provide detailed information about their smoking habits, which included their current smoking status, number of years of smoking, and the average amount they had smoked daily during their lifetime. From these data, a cumulative measure of tobacco exposure in pack-years was derived by summing across pipe, cigar, and cigarette smoking (where a pack was defined as 20 cigarette equivalents). Exposure to secondhand cigarette smoke was classified using one of 4 possible categories: never exposed, exposed at home, exposed at work, and exposed both at home and at work. Family history of cancer was classified as the number of first-degree relatives with any form of cancer. Participants were also asked to distinguish cancers for several different types. This allowed us to construct a binary variable to capture persons with (or without) a family history of cancer of the head, neck, or lung. Information on education, income, and height and weight was also collected.
Informed consent was provided by all participants, and approval for the study was obtained from the Research Ethics Board at the Lunenfeld-Tanenbaum Research Institute (Toronto, Ontario, Canada).
Exposure assessment
Su et al. (22) have previously described the methods used to generate the VOC surfaces that were applied in these analyses. In brief, VOCs were measured between July 25, 2006 , and August 9, 2006 , at 50 locations that were chosen from among the 100 locations previously used for nitrogen dioxide using a location-allocation approach (23) . Of the 50 VOC sites, 8 were within 200 m of an expressway, 30 were within 200 m of a major road, and 35 were within 100 m of a residential area. TraceAir organic vapor monitors (K&M Environmental, Virginia Beach, Virginia) were used to monitor ambient VOCs. Two-sided samplers were deployed in pairs (yielding 4 observations per site) at a height of 2.5 m. The deployment of samplers took less than 72 hours, and the samplers were removed 14 days after they were installed.
The LUR surface was developed by modeling the relationship between a series of spatial covariates and the concentrations of VOCs as determined from the organic vapor monitors. Manual forward-selection regression procedures were used to select the best predictors of intra-urban concentrations of benzene and total hydrocarbons. Total hydrocarbons include both reactive and nonreactive hydrocarbons. The major nonreactive hydrocarbon in the atmosphere is methane. Six types of spatial predictors were used, including highway and major road lengths and slope gradients, traffic density, land use (e.g., commercial, industrial, residential, and open), physical characteristics (e.g., elevation, latitude, longitude, and distance to coast), population density, and remote sensing-derived indices of greenness and surface brightness. Because the distribution of VOC concentrations was skewed, logarithmic transformations were used to stabilize the variance of the sample (24) , but the spatial surface used in this study was based on the antilogarithm of these estimates. The spatial covariates (described above) that were used to derive the VOC surfaces were also used to fit the nitrogen dioxide model and derive the surface for exposure assignment. The LUR models were found to explain approximately 66%-68% of the variance in the spatial distribution of the VOCs.
For nitrogen dioxide, the LUR model was derived from 2 dense measurement campaigns that were completed in 2002 (25) and 2004 (26) . The samplers were set up at 100 locations, and measures were obtained over the course of 2 campaigns (September 9-24, 2002, and May [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] 2004 ). Fifty monitors were deployed at 1 set of locations for both sampling periods, while the locations of the other 50 samplers were changed in the second round of monitoring. Ogawa passive samplers (Ogawa & Co. USA, Inc., Pompano Beach, Florida) were used to measure nitrogen dioxide, and these data were analyzed according to the manufacturer's specifications. Analysis of the 50 sites that were co-located between the 2 rounds of monitoring showed that the observed concentrations of nitrogen dioxide were highly correlated between the two sampling periods (Pearson correlation coefficient (r) = 0.8) (25, 26) . As a result, the exposure surfaces derived from the two different sampling campaigns were averaged, since the mean was viewed as a better representation of exposure across seasons. The R 2 value for the LUR model of nitrogen dioxide levels in Toronto was approximately 70%.
Statistical analysis
All analyses were conducted using SAS, version 9.2 (SAS Institute, Inc., Cary, North Carolina). Pearson correlation coefficients were calculated to better understand the interrelationships between the 2 VOCs and nitrogen dioxide. Mean concentrations of the pollutants were compared across levels of the possible risk factors to identify those factors that might confound associations between the VOCs and lung cancer. Logistic regression methods were used to estimate the odds ratios for lung cancer in relation to an interquartile-range increase in benzene, nitrogen dioxide, and total hydrocarbon levels. The interquartile range was used to facilitate comparisons of the strength of the associations across the 3 pollutants. Adjustment was made for other risk factor data that were collected, including age, sex, smoking, exposure to secondhand smoke, body mass index (weight (kg)/height (m) 2 ), and family history of cancer. Linkage of residential address data was also made with the 2001 Canadian census to obtain neighborhood measures of family income and unemployment.
For each VOC and for nitrogen dioxide, 3 separate residential exposures were modeled: 1) exposure at the time of interview or diagnosis, 2) exposure 10 years before interview or diagnosis, and 3) exposure across residences, calculated as a time-weighted average of exposures at all residences up to the time of interview. Estimated exposure 10 years before interview was determined by identifying, from each subject's residential history, the home he or she had lived in a decade earlier (before interview) and extracting the corresponding values from the exposure surfaces. Time-weighted average concentrations were estimated by first determining, for each residence, the length of residency in years using move-in and move-out dates. The weight assigned to each house was calculated as the number of years the participant had lived in that home divided by the total number of years the participant had lived in Toronto. It was not possible to assign exposure to residential addresses outside the city of Toronto; therefore, these exposures were excluded from the derivation of the timeweighted average. Furthermore, persons who did not reside in Toronto at the time of interview or 10 years beforehand were excluded from analyses involving those two exposure metrics. Of the 445 cases and 948 controls, LUR estimates of residential exposure at the time of interview could be assigned to 327 (74%) and 892 (94%), respectively. Similarly, data on exposure 10 years before interview were available for 290 (65%) cases and 705 (74%) controls. To explore the possibility that socioeconomic status modified the associations, we tested whether first-order interactions between educational attainment and exposure were statistically significant (P < 0.05).
Logistic regression analyses were repeated after restricting the data to the population control series (i.e., after excluding hospital controls). Hospital controls were recruited mostly from the family medicine clinic at Mount Sinai Hospital, which is more likely to service persons in downtown areas of Toronto that, on average, have higher exposures than elsewhere in the city. Therefore, the exposure profile among these hospital controls would be expected to be higher than that in population controls, who would be more representative of the larger geographical area that gave rise to the cases.
Thus, if elevated levels of air pollution and VOCs are truly related to the development of lung cancer, use of the hospital control series would serve to underestimate the strength of this association. 
RESULTS
Relative to the hospital controls, lung cancer cases were more likely to be male, older, and less educated ( Table 1 ). These differences were not as large when comparisons were made with the population-based controls. While cases were also more likely to smoke, the nature of the association between smoking and lung cancer in this study will have been distorted because of the purposeful oversampling of neversmoking lung cancer cases. The mean concentrations of benzene, nitrogen dioxide, and total hydrocarbons are shown in Table 2 . Nitrogen dioxide concentrations were more highly correlated with benzene (r = 0.67) than with total hydrocarbons (r = 0.32).
Overall, the concentrations of all 3 pollutants did not vary substantially across the individual-level risk factors of age, body mass index, secondhand smoke exposure, family history of cancer, and pack-years of smoking (Table 3 ). In contrast, concentrations of these 3 pollutants were higher in less affluent neighborhoods and in areas with higher unemployment (P < 0.01).
Adjusted odds ratios for lung cancer for the 3 different residential exposure metrics examined (time of interview, 10 years before interview, and time-weighted average) are presented in Table 4 . The time-weighted measures yielded the strongest measure of association for all 3 pollutants, and neither the addition of personal covariates nor the addition of ecological covariates substantially altered the odds ratios. The adjusted odds ratios for an interquartile-range increase in nitrogen dioxide, benzene, and total hydrocarbons were 1.13 (95% CI: 0.89, 1.42), 1.29 (95% CI: 1.08, 1.83), and 1.33 (1.04, 1.69), respectively. Restricting analyses to the population series of controls also yielded positive associations, and the magnitudes of these associations were stronger than those of the analyses that used both control series combined (Table 5 ). When simultaneous modeling of the timeweighted average of these 3 pollutants was performed, the strength of the associations was attenuated for each relative to single-pollutant models because of collinearity among the pollutants.
DISCUSSION
In this case-control study, both ambient VOCs and nitrogen dioxide were positively associated with lung cancer. The ambient concentrations of VOCs in Toronto are substantially lower than those previously reported in occupational settings (27, 28) and are similar to levels observed in several US cities (29, 30) . The findings were robust, since little change in the strength of the association was evident after adjustment for a series of individual and neighborhood-level characteristics. The findings are consistent with those from the cohort study by Villeneuve et al. (12) , who found that ambient concentrations of benzene were associated with an increased risk of lung cancer. In that study, a 0.13-µg/m 3 increase in ambient benzene concentrations increased the risk of lung cancer mortality by 6% (relative risk = 1.06, 95% CI: 0.97, 1.14). In contrast, the case-control analysis presented in this paper produced a stronger association (odds ratio = 1.29, 95% CI: 0.94, 1.78). Furthermore, in a sensitivity analysis that used only the population control series, this estimate for benzene was even larger (odds ratio = 1.84, 95% CI: 1.26, 2.68). There are several possible reasons for these differences. Villeneuve et al. assigned exposure on the basis of residence at the time of enrollment (12), whereas we were better able to account for residential history in the case-control study. The cohort study spanned the follow-up interval between 1982 and 2004, while interviews were conducted between 1998 and 2002 for the case-control study. As a result, there may have been less exposure measurement error in the current study, since the LUR surfaces generated in the early 2000s were taken closer to the time of interview, than at the start of follow-up of the cohort (1982) .
Differences in the underlying smoking behaviors of the two study populations may have contributed to differences in the risk estimates. These differences may have arisen because the case-control study oversampled never smokers but the cohort study did not. Differences could have been introduced because of effect modification of pollution effects by smoking status or differences in the histological distribution of lung cancer between the two studies. When analyses were restricted to lifelong nonsmokers, the positive associations with lung cancer were attenuated. For example, the odds ratio for benzene, based on a time-weighted comparison using the population-based control series, decreased from 1.84 (95% CI: 1.26, 2.68) to 1.18 (95% CI: 0.65, 2.12). These differences suggest that smoking modifies the association between lung cancer and VOC exposures, with stronger associations being noted among smokers, although the P value associated with this interaction term was 0.12. Unfortunately, given the relatively small number of lung cancer cases in this study (n = 445), with 9 different histological types, it was not possible to derive stable risk estimates by histological type. We assigned ambient pollution concentrations to residential addresses on the basis of measures obtained from sampling campaigns that were conducted after the participants had provided their interview data. Therefore, our associations were based on the assumption that the spatial variability in exposures that were observed between 2002 and 2008 was representative of intra-urban differences in nitrogen dioxide and VOC concentrations that existed over the residential histories of participants. The availability of fixed-site monitoring data from Environment Canada's National Air Pollution Surveillance Program (http://www.ec.gc.ca/rnspa-naps/) allowed us to evaluate historical changes in the spatial variability of nitrogen dioxide levels in Toronto. We back-extrapolated estimates from the LUR models to each year between 1982 and 2002 using previously described methods (31) . We then estimated the pairwise correlations between the historically extrapolated estimates of nitrogen dioxide and those from the original LUR models that were developed for 2002 and 2004 at 5,000 random sites in Toronto. The Pearson correlation coefficients were fairly stable over time (they varied from 0.85 to 0.95, depending on the year), suggesting that variability in the concentrations of nitrogen dioxide in Toronto was primarily spatial, not temporal, in nature (32) . Unfortunately, historical fixed-site monitoring data for ambient VOCs in Toronto were lacking, and thus it was not possible to directly evaluate spatial changes in their concentrations over time using this approach. However, published VOC data for a nearby city (Windsor, Ontario) suggest that the rank ordering of concentrations from high areas to low areas remained consistent over a 3-year interval (33) .
We were able to assign exposures to a greater proportion of controls than of cases. This reflects the fact that the catchment area for the controls appears to have been a more restricted area. For example, among most recently occupied residences for which there was a postal code, for 90% of the controls the leading character of their postal code was the letter "M," inside Toronto, whereas for cases the figure was 80%. This indicates that a larger proportion of cases than of controls lived outside the city of Toronto at the time of interview. Given that the LUR surface was developed for urban Toronto, this accounts for the higher proportion of controls (94%) than of cases (74%) for which exposures could be assigned to the place of residence at the time of interview. Among persons for whom exposure could be assigned to the current place of residence, there was little difference with respect to the amount of missingness of exposure over previous residences. For these cases and controls, exposures could be assigned to 77% and 75%, respectively, of the 20-year time interval preceding interview.
It is well recognized that VOC levels are higher indoors than outdoors (34) . However, in locations with higher traffic volumes and in proximity to certain industries, higher ambient concentrations of VOCs have been evident (35) . Moreover, ambient measures of VOCs have been shown to correlate with personal monitoring estimates (14, 35) . While our analyses focused on ambient VOC concentrations, it is worth noting that secondhand cigarette smoke is a major source of exposure to VOCs inside homes. Therefore, because our risk estimates were adjusted for exposure to secondhand cigarette smoke, to some extent, we did take into account between-subject differences in indoor VOC concentrations.
The participation rate of persons diagnosed with lung cancer was 62%, while for the general population and hospital series of controls, participation rates were 64% and 84%, respectively. These levels of participation raise the possibility that some bias may have been introduced. One approach to estimating the magnitude of this bias is to compare the strength of associations between widely recognized risk factors and the health outcome under study with those in the published literature, but the design of our study did not allow for this, given the oversampling of never smokers in the case series. This design feature would distort the relationship between the most widely recognized risk factor, tobacco use, and lung cancer in our study. The associations of benzene and total hydrocarbons with lung cancer changed very little after adjustment for either individual or area-level risk factors. Given that these factors are predictors of participation, it is unlikely that the presented associations were unduly biased by the lack of participation.
While 2-pollutant modeling was performed to determine which pollutant (nitrogen dioxide or benzene) was most strongly related to lung cancer risk, the associations for both were attenuated relative to single-pollutant models. Given the high degree of correlation between the two pollutants, this observation is somewhat expected and, unfortunately, makes it more difficult to determine which sources contribute to the increased risk of lung cancer. Villeneuve et al. noted expressways (r = 0.67) and commercial land area (r = 0.58), both markers of traffic pollution, as the strongest predictors of nitrogen dioxide in the LUR models for Toronto that were used (12) . Industrial land area (r = 0.52) and major highways (r = 0.48) were the strongest predictors of the benzene surface. Ultimately, though, the measures of benzene and nitrogen dioxide reflect proximity to these traffic and industrial sources, and it is difficult to infer which pollutant, or combination thereof, or activities of these sources contribute to the elevated risk.
The observation that the association of ambient benzene concentrations with lung cancer was stronger than that for nitrogen dioxide suggests that for cancer outcomes, more emphasis on characterizing intra-urban variations in VOCs is needed. Because very few studies have investigated these associations, more work is needed to confirm whether exposures to ambient VOCs may indeed contribute to an increased risk of lung cancer.
